Neural morphallaxis is a regenerative process characterized by wide-spread anatomical and physiological changes in an adult nervous system. During segmental regeneration of the annelid worm, Lumbriculus variegatus, neural morphallaxis involved a reorganization of sensory, interneuronal, and motor systems as posterior fragments gained a more anterior body position. A monoclonal antibody, Lan 3-2, which labels a neural glyco-domain in the leech, was reactive in Lumbriculus. In the worm, this antibody labeled neural structures, particularly axonal tracts and giant fiber pathways of the central nervous system. A 60 kDa protein, possessing a lumbriculid mannose-rich glycoepitope, was upregulated during neural morphallaxis, peaking in its expression at 3 weeks post-amputation. Peak upregulation of the Lan 3-2 epitope, or the protein possessing it, corresponded to the time of major neurobehavioral plasticity during regeneration. Analyses of asexually reproducing animals also revealed induction of the Lan 3-2 epitope. In this developmental context, Lan 3-2 epitope upregulation was also confined to segments expressing both changes in positional identity and neurobehavioral plasticity, but these molecular and behavioral changes occurred prior to body fragmentation. These results suggest that the lumbriculid Lan 3-2 glycoepitope and proteins that bear them have been co-opted for neural morphallactic programs, induced both in anticipation of reproductive fragmentation and in compensation for injury-induced fragmentation. q
Introduction
Since Trembley's studies on the regeneration of hydra, developmental biologists have sought to understand the cellular and molecular processes by which some animals readily reconstruct themselves following injury (Trembley, 1744; Sanchez-Alvarado and Newmark, 1998; SanchezAlvarado, 2000) . In the early 20th century, T.H. Morgan described two major forms of regeneration: epimorphosis and morphallaxis (Morgan, 1901) . Epimorphosis is a pattern of regeneration that involves de-novo (via cell proliferation) generation of body parts or tissues. This form of regeneration can involve the dedifferentiation of adult structures and/or the activation of stem cell populations to form a mass of cells (blastema) that then differentiates.
An example of epimorphosis is the regenerating amphibian limb (Goss, 1969) . Morphallaxis, on the other hand, is a pattern of regeneration that involves the transformation of existing body parts or tissues into newly organized structures with little new cell growth, as in the reorganization of body parts in hydra following amputation (Holstein et al., 2003) .
Much of the current understanding of developmental mechanisms underlying regeneration has emerged from studies using invertebrate model systems (SanchezAlvarado, 2000) . In fact, invertebrate animals are champions of regeneration, often rapidly regenerating much of their body from small isolated fragments or cell aggregates. This regenerative potential of invertebrates is especially evident within neural tissues. For example, while regeneration can occur within the central nervous system (CNS) of vertebrates, especially in amphibians (Lee, 1982; Clarke et al., 1988) and fishes (Mackler and Selzer, 1985) , CNS regeneration is rapid and precise in most invertebrates.
In contrast, following injury to their spinal cords, mammals are often permanently paralyzed (Puchala and Windle, 1977) .
Striking regenerative powers, both epimorphic and morphallactic, are possessed by annelid worms, which reconstruct an adult animal from as little as three segments in a matter of weeks (Berrill, 1952) . Lumbriculus variegatus has a remarkable capacity for regeneration of lost body segments (epimorphosis) and for neural plasticity within original body segments (morphallaxis) following injuryinduced fragmentation. Lumbriculid body fragments regenerate eight new head segments and tails of variable lengths (Berrill, 1952; Drewes and Fourtner, 1990; Martinez et al., in press ). Because of this differential segmental replacement between anterior and posterior buds, regenerating posterior body segments undergo an anatomical and physiological transformation to match their new, more anterior positional identity (Drewes and Fourtner, 1990; Myohara et al., 1999; Martinez et al., in press ). Neurobehavioral transformations, or neural morphallaxis, are detected as changes in rapid escape behaviors and the neural correlates that underlie them. Rapid escape behaviors are mediated by three giant fiber pathways and their associated sensory inputs and motor outputs. Three segmentally-arranged giant axons, located in the dorsal region of the ventral nerve cord, constitute through-conducting pathways (Günther and Walther, 1971) and are conserved among virtually all oligochaetes (Zoran and Drewes, 1987) . The medial giant fiber (MGF) governs head-specific escape behavior (i.e. rapid anterior shortening), while paired lateral giant fibers (LGF) mediate rapid tail withdrawal (Drewes, 1999) . Sensory inputs differentially activate the GF pathways along the anterior to posterior axis leading to the recruitment of head and tail specific behaviors (Drewes and Fourtner, 1989; Drewes, 1999) . Neural morphallaxis in regenerating Lumbriculus fragments involves changes in touch sensory fields, giant axon diameter and conduction velocity, and motor system properties appropriate for the fragment's new body position.
A leech monoclonal antibody, Lan 3-2 (Zipser and McKay, 1981) , was employed for analysis of neural epitopes upregulated during lumbriculid morphallaxis. In the leech, Lan 3-2 antibody reacts with mannose-rich glycoepitopes of multiple proteins. The Lan 3-2 glycoepitope has been implicated in critical neural developmental events such as synaptogenesis (Zipser et al., 1989; Song and Zipser, 1995; Huang et al., 1997; Tai and Zipser, 1998 , 2002 . As demonstrated using antibody perturbation experiments, the Lan 3-2 mannosidic epitope mediates the defasciculation, sprouting, and arborization of sensory neuronal processes as they enter the CNS (Briggs et al., 1993; Zipser et al., 1994; Song and Zipser, 1995; Zipser, 1995) . In addition, two neural cell adhesion proteins, LeechCAM and Tractin, possess the Lan 3-2 epitope and label neural pathways (Huang et al., 1997; Jie et al., 1999) . Therefore, the developmental functions of a set of leech glycoproteins are, in part, dependent on the signaling properties conferred upon them by their glycoepitopes, including Lan 3-2 (Johansen et al., 1985; Zipser, 1995; Tai and Zipser, 1999; Baker et al., 2003) . In Lumbriculus, we have found that Lan 3-2 epitope-bearing proteins were expressed in neural tissues and were upregulated during neural morphallaxis. These changes in Lan 3-2 epitope expression were present prior to fragmentation during asexual reproduction and following fragmentation during injury-induced segmental regeneration.
Results

Neural morphallaxis in Lumbriculus variegatus
Body fragments of 30G1 (meanGSEM) segments were amputated from the anterior third and the posterior third of adult worms of approximately 150 segments (w5 cm in length; Fig. 1a ). Segmental regeneration was asymmetric such that regenerating fragments, from both anterior and posterior body regions, consistently regenerated 7-8 new head segments. However, the number of new tail segments differed between populations, with anterior fragments producing 59G5 tail segments and posterior fragments producing 27G5 tail segments (Fig. 1a) .
Escape behaviors in Lumbriculus are mediated by mechanisms that vary along the anterior-posterior axis (Drewes and Fourtner, 1989; Drewes, 1999) . Although giant fiber pathways allow impulse conduction along the entire length of the animal (Drewes, 1984; Zoran and Drewes, 1987) , the MGF is excited by touch sensory stimuli only to anterior segments. Tactile stimulation of the anterior 1/3 region of an intact animal's body wall (44G2.1 segments, w29% of total segments) triggered only MGF spikes, resulting in head withdrawal (Fig. 1a) . In contrast, the two LGFs were activated by touch stimuli only to the posterior 2/3 region of the worm (93.2G2.5 segments, w62% of the total segments) resulting in tail withdrawal behavior. MGF and LGF sensory fields coexisted in an overlap region of 12.8G2.3 segments, the equivalent of 9% of body segments (Fig. 1) . Thus, MGFs are interneurons that mediate sensory inputs for escape in the anterior third of animal; whereas,
LGFs integrate these inputs in the posterior two-thirds.
At the time of amputation, fragments of 30 segments removed from anterior and posterior regions possessed exclusively MGF and LGF sensory fields, respectively (Fig. 1a) . During the subsequent 3 weeks of neural morphallaxis, fragments exhibited transformations in their escape reflex circuitry (i.e. sensory fields). In anterior fragments, LGF sensory fields emerged in approximately 1/3 of the posterior-most segments, while the MGF field was lost in only one or two original segments (Fig. 1a) . Neural morphallaxis of sensory fields was more dramatic in posterior fragments, where MGF fields developed in 2/3 of the anteriormost segments of the original fragment and LGF field receded from 1/3 of these segments. In both fragment groups, a region of sensory field overlap was present following morphallaxis, where none existed previously (Fig. 1a) .
Giant fiber conduction velocities, in both anterior and posterior fragments, were significantly altered following amputation. Significant differences in LGF conduction velocities in both anterior and posterior fragments were detected following 3 weeks of morphallaxis (Fig. 1b) . In posterior fragments, LGF conduction velocities decreased 26.7% as compared to intact control animals. Previous studies of neural morphallaxis have shown that MGF and LGF axonal diameters are significantly altered concomitant with changes in spike conduction velocity (Drewes and Fourtner, 1990; Martinez et al., in press ). Therefore, neural morphallaxis was characterized by changes in giant fiber diameter, conduction velocity, and sensory field maps that emerged several days post-amputation and approached normal levels (i.e. those appropriate for segmental position) 3 weeks following fragmentation (Drewes and Fourtner, 1990; Martinez et al., in press ).
Lan 3-2 antibody recognizes an epitope expressed in neural tissues
We performed an immunohistochemical screen using four leech antibodies (4G5, Laz 6-56, Laz 2-369, and Lan 3-2) to test for cross-reactivity within the Lumbriculus nervous system. These individual antibodies label various galactosidic and mannosidic epitopes born on leech glycoproteins (Zipser and McKay, 1981; McKay et al., 1983; Bajt et al., 1990; Johansen et al., 1992) . Since these glycoproteins are present on the surface of many sensory axons in leech and are thought to function in target selection processes, we used them in an attempt to identify proteins correlated with lumbriculid morphallaxis. Since neural morphallaxis involved changes in giant fiber form and function, we screened specifically for staining of giant interneuronal pathways. The Lan 3-2 antibody proved to be most reactive within the lumbriculid nervous system. Lan 3-2 immunostaining was localized to periaxonal regions of the giant fiber pathways; that is, diffuse staining was detected near the extracellular surface of the giant axons and their surrounding glial sheaths (Fig. 2a-c) . Lan 3-2 staining was localized primarily to lateral giant axons within the ventral nerve cord and distinct axons within the segmental nerves (Fig. 2d) . Confocal microscopy revealed particularly intense staining adjacent to the LGFs (Fig. 3a) . Staining outside the CNS included processes in segmental nerves, flattened circular staining patterns in the muscle (reminiscent of synaptic Whole animals of approximately 150 segments in length were cut into pieces. Two populations of fragments, one from the anterior (wsegment 8-38) and one from the posterior (wsegment 100-130) regions of the worm, were maintained. All other pieces were discarded. Amputated fragments always regenerated 7-8 segments of head and variable numbers of tail segments (w30-60). Posterior fragments became more anteriorly positioned following segmental regeneration. Numbers represent segmental identity and shading implies differences in anterior-posterior position. One boxZ2 body segments. AnteriorZA; PosteriorZP. Sensory field maps (rectangular boxes above worm illustrations) were determined. Prior to amputation, stimulation of the anterior 1/3 region (segment 1-43) activated only a medial giant fiber (MGF) spike resulting in a head withdrawl. Stimulation of the posterior 2/3 region (segment 58-150) activated only lateral giant fiber (LGF) spiking causing a tail withdrawal. An area of both MGF and LGF spike activation (sensory field overlap; indicated by grey region of sensory field map) was detected, on average, between segments 44-57 (nZ 6). Following 3 weeks of regeneration, medial giant fiber spikes were activated by touch to the original segments of posterior fragments (darker outlined boxes), thus gaining sensory fields previously absent. Although not pervasive, fragments removed from the anterior 1/3 region also gained lateral giant fiber sensory fields that were absent prior to amputation. (b) Giant fiber conduction velocity in anterior and posterior fragments during segmental regeneration. Prior to amputation in anterior fragments, MGF conduction velocities (solid bars) measured 12.9G0.7 m/s and LGF conduction velocities (gray bars) measured 7.2G0.1 m/s in the anterior region of the worm (nZ8; P!0.0001). Three weeks post-amputation, MGF and LGF conduction velocities returned to normal rates (P!0.01). In posterior fragments prior to amputation, MGF conduction velocities measured 9.1G0.1 m/s and LGF conduction velocities measured 7.6G 0.4 m/s in the posterior region (nZ8; PO0.05). Following amputation,
LGF velocities decreased (P!0.0001). Bars equal group meanGSD. boutons), and small cell bodies and processes in the body wall indicative of sensory neurons ( Fig. 2d-g ). However, the number of sensory neurons stained indicated that Lan 3-2 recognizes only a subset of these peripheral neurons. Dual labeling of Lumbriculus central nervous system with monoclonal antibodies to both acetylated tubulin and Lan 3-2 confirmed that Lan 3-2 labeled only a specific subset of neuronal tracts (Fig. 2e) .
Lan 3-2 stained preparations also revealed fine processes within the neuropile of the ventral nerve cord (Fig. 2h) . Using confocal microscopy, a regular pattern of Lan 3-2 staining along the length of the giant fibers was detected. This pattern included an oval region of reduced Lan 3-2 reactivity surrounding a cluster of intensely stained puncta, a pattern repeated with a regular spacing of approximately 40-50 mm or four times per segment. Intracellular Lucifer yellow injections demonstrated that axonal collaterals, fine dendrite-like processes on the ventral surface of annelid giant axons and sites of sensory/motor synaptic contacts, were regularly spaced along the length of the giant fibers (Fig. 3b) . These axonal collaterals were also arranged four per segment with intercollateral spacing of approximately 40-50 mm.
Immunocytochemical staining of whole mount preparations revealed an anterior-posterior gradient in the intensity of Lan 3-2 antibody immunofluorscence in intact, control worms ( Fig. 4a-d ). Although small, these differences in the fluorescence intensity of the ventral nerve cord between anterior and posterior segments were statistically significant (Fig. 4e) . Immunocytochemistry was also performed on lumbriculid body fragments over the time course of segmental regeneration and neural morphallaxis. However, this fluorescence staining approach was not sensitive enough to detect changes in levels of Lan 3-2 epitope expression in the ventral nerve cord regions during fragment regeneration. Therefore, Lan 3-2 epitope induction during neural morphallaxis was investigated using Westernblot analysis. LGFs (L), beneath the dorsal surface of the nerve cord. Dorsal surface of the nerve cord is facing toward the reader in all whole-mount images (Nomarski, a; Lan 3-2 FITC, b; Merged, c). Scale barsZ15 mm. (d, e). Lan 3-2 epitopes were localized to axonal tracts within the ventral nerve cord and segmental nerves (sn). The MGF in the preparation in panel d was filled with Lucifer yellow (LYCH) to demonstrate giant fiber orientation. The MGF cell body (cb) is indicated (different focal plane). Dual immuno-labeling (Lan 3-2-FITC/acetylated tubulin (AcT)-Texas Red) of a whole mount preparation in panel e revealed Lan 3-2 epitopes associated with specific segmental nerve tracts. Note that some tracts were positive for both Lan 3-2 and AcT, while others showed only AcT staining. Scale bars Z20 mm. (f-h). Lan 3-2 epitopes were expressed on synaptic bouton-like structures within the body wall musculature (f, FITC-conjugated 28), on cell bodies, perhaps sensory neurons, within the body wall (g, FITCconjugated 28), and on small branched processes (arrows) that extended within the nerve cord neuropile (h, HRP-conjugated 28). Scale barsZ10 mm. LGFs) with the Lan 3-2 antibody. Regularly spaced punctate staining patterns were evident along the length of the interneuronal axons (arrows). These clusters of intensely stained puncta were surrounded by a region approximately 10 mm in diameter that was devoid of Lan 3-2 immunoreactivity (insert). Scale barZ10 mm. (b) Lucifer yellow-filling of a giant interneuron also revealed regularly spaced collateral extensions along its ventral surface (arrows). The spacing of these collateral extensions was similar to the punctate Lan 3-2 expression in panel a. Collateral branches appeared as short extensions from the basal surface of the axon that branched into multiple lobes (inset). Scale barZ10 mm. 
Multiple proteins in Lumbriculus possess the Lan 3-2 epitope
Lumbriculid Lan 3-2 glycoepitopes were born on several proteins of varying molecular weight in intact (control) worms detected by immunoblot analysis (Fig. 4f) . Although most, if not all, of these proteins were present along the length of the animals body, significant differences in the abundance of Lan 3-2 positive-proteins were observed among anterior and posterior body positions. A doublet of proteins of approximately 210 kDa were abundant in anterior body segments. Another pair of protein doublets of approximately 130 and 60 kDa was more abundant in posterior segments. These characteristic Lan 3-2 expression profiles indicated the existence of anterior-posterior positional gradients in the expression of Lan 3-2 positive proteins. This result, that multiple proteins in adult worms share the Lan 3-2 glycoepitope, may account for the lack of detectable changes in Lan 3-2 immunofluoresence, especially if only a subset of these proteins were altered during neural morphallaxis.
Lan 3-2 is a glycoepitope that is transiently upregulated during morphallaxis
The 60 kDa, Lan 3-2 positive glycoprotein was markedly upregulated at 3 and 5 weeks post-amputation in posterior fragments. The expression of this Lan 3-2 positive protein then diminished to relatively undetectable levels by week seven of regeneration (Fig. 5a,b) . Although some upregulation of the 60 kDa glycoprotein was also observed in anterior fragments, it was only a fraction of the induction seen in posterior fragments. Thus, the induction of these epitopes coincided with expression of anatomical and physiological changes within the nervous system. We cannot currently explain the overall decline in epitope detection with the Lan 3-2 antibody at week 9 post-fragmentation. Future studies varying fragment culture conditions will address this issue.
Previous studies in leech characterized Lan 3-2 positive antigens as mannose-rich glycoproteins and revealed that antibody binding involves a mannose epitope within the carbohydrate domain (Flanagan et al., 1986; Flaster et al., 1983; McGlade-McCulloh et al., 1990; McKay et al., 1983) . To determine whether the Lan 3-2 antibody also binds to a mannose epitope of lumbriculid proteins, immunoblots were probed with antibody that had been preincubated with methyl a-D-mannopyranoside (0.5 M). Staining of lumbriculid proteins with the Lan 3-2 antibody was attenuated following mannoside treatment (Fig. 5c) , suggesting that the Lan 3-2 antibody recognizes a mannose-rich glycoepitope.
Lan 3-2 positive-proteins are upregulated during asexual reproduction
To confirm that upregulation of the Lan 3-2 positive glycoprotein was a fundamental component of molecular changes in neural morphallaxis, and not simply a result of a general injury response, we observed its expression during another developmental event involving neural morphallaxis and changes in segmental identity-asexual reproduction. Lumbriculus reproduces primarily through a developmentally-regulated fragmentation process called architomy (Berrill, 1952; Martinez et al., in press ). Using an environmental shift to induce asexual reproduction, a cumulative total of 88% of worms across three populations . Immunoblot analysis demonstrated the presence of Lan 3-2 epitopes in both anterior and posterior fragments. Protein extracts from anterior (a) and posterior (b) fragments were generated at different time points during 9 weeks of regeneration. Proteins of 60 kDa possessing the Lan 3-2 epitope were enriched in posterior fragments, and to a lesser extent in anterior fragments. The 60 kDa protein was transiently upregulated with peak expression at 3 weeks following amputation. Tubulin antibody was utilized as a loading control. (c) Protein extracted from 3-week-old regenerating fragments were immunobloted with Lan 3-2 antibody either in the presence of 0.5 mM mannose (C) or without mannose (K). Lan 3-2 positive epitopes, present in blots from both anterior and posterior control fragments (K mannose), were no longer visible in immunoblots following treatment (C mannose), suggesting that the lumbriculid Lan 3-2 epitope is a glycodomain. Similar experiments using a tubulin antibody demonstrated that the binding of this antibody was not competed on mannose-treated immunoblots.
fragmented by the third week after onset of the induction protocol (Fig. 6a) . Using this experimental paradigm, we found that two body fragments were consistently produced during architomy at a fission plane formed at segment 48G10.2 (in worms with 150 segments; Fig. 6b ). This predictable fission (architomy) site at segment 48 was located virtually at the center of the zone of MGF/LGF sensory field overlap (Fig. 1a) . We have determined that neural morphallactic changes occur in anticipation of fragmentation during asexual reproduction in Lumbriculus (Martinez et al., in press ). Here, using sensory field mapping, we detected a significant expansion of the MGF sensory field and retraction of the LGF sensory field posterior to the architomy site (Fig. 6b) . As the fission plane developed, the zone of sensory field overlap expanded from 12.8G2.3 segments (meanGSD) to 29.5G8.9 segments. Furthermore, an area of exclusively MGF sensory field (10-15) segments just adjacent and posterior to the fission Fig. 6 . Lan 3-2 epitope upregulation precedes fragmentation (architomy) during asexual reproduction. (a) Asexual reproduction was induced in whole animals by an environmental shift in culture conditions (see Section 4). Following the environmental shift, over 88% of the animals fragmented by week 3 (nZ3 experimental populations). (b) During asexual reproduction, fission zones were formed 2 weeks following the environmental shift. These architomy sites were consistently produced at segment 48G10 in animals of approximately 150 segments (P!0.0001; nZ37). Giant fiber sensory fields expanded prior to fragmentation during asexual reproduction and the zone of MGF/LGF sensory field overlap was disrupted by newly emerging sensory inputs. Sensory field overlap expanded from 12 segments in controls to 29 segments in animals exposed to the environmental shift protocol. In 10-15 segments posterior to the architomy site, only MGF spikes could be evoked by tactile stimulation (nZ6). Segmental sites of tissue collection for protein extraction and immunoblots were in the anterior 1/3 region (w segment 8-38) and the posterior 2/3 region (wsegment 100-130). MGF/LGF sensory fields are mapped above worm images in rectagular boxes. Anterior-posterior direction is indicated by color gradient. One boxZ2 body segments. (c) Protein extracts from the anterior 1/3 (w30 segments) and the posterior 2/3 region (w30 segments) of asexually reproducing animals were collected at 1 week (1w), 2 weeks (2w), and 3 weeks (3w) following environmental shift. The Lan 3-2 epitope of 60 kDa was detected at low levels in all extracts. However, this protein was highly upregulated in posterior extracts 2 weeks after induction of asexual reproduction (2w).
plane was present in animals with late-stage fission plane formation, many days prior to fragmentation. During asexual reproduction, changes in sensory field were accompanied by a significant upregulation of the Lan 3-2 glycoepitope. Two weeks prior to fragmentation the 60 kDa protein was robustly induced in segments posterior, but not anterior, to the architomy site (Fig. 6c) . Therefore, Lan 3-2 glycoepitope upregulation was specific to segments involved in neural morphallaxis and was not a result of body injury or wound healing.
Discussion
Neural morphallaxis in Lumbriculus variegatus, associated with body fragmentation, involves a transformation of the adult nervous system as it acquires a new anteriorposterior positional identity and concomitant neurobehavioral constraints. Body fragments of Lumbriculus regenerate a new head of only eight segments and a new tail of variable length, thus original segments from posterior fragments often acquire a more anterior body position. One aspect of this change in segmental identity involves the morphallactic plasticity of sensory, interneuronal, and motor pathways that mediate anterior-and posterior-specific behaviors (Drewes and Fourtner, 1990; Martinez et al., in press) . Morphallaxis is characterized by reorganizational plasticity, without new neurogenesis (Morgan, 1901; Drewes and Fourtner, 1990; Myohara et al., 1999; Yoshida-Noro et al., 2000) . Neural morphallaxis, during segmental regeneration (epimorphosis), is correlated with changes in sensory fields for the activation of escape reflexes, alterations in giant axon size, and synaptic plasticity at electrical and chemical synapses within the escape neural circuit (Drewes and Fourtner, 1990; Martinez et al., in press ). Additionally, neural morphallaxis occurs during the induction of asexual reproduction. Although cellular correlates of neural morphallaxis have been described, little is known about the molecular changes that mediate this developmental event. Here, we have identified molecular markers of neural morphallaxis, proteins possessing the lumbriculid Lan 3-2 glycoepitope, and demonstrated that their induction is temporally correlated with neurobehavioral plasticity.
The Lan 3-2 monoclonal antibody was developed in leech and labels a glycoepitope present on neural cell adhesion molecules found on sensory neurons during development (Huang et al., 1997) . In Lumbriculus, the temporal expression of the Lan 3-2 positive glycoproteins suggests that these proteins or post-translational modifications (i.e. glycosylation events) of these proteins are induced during neural morphallaxis. Westernblot analysis of regenerating fragments indicated the differential upregulation of 60 kDa proteins for many weeks post-amputation, a time corresponding to changes in the worm's neural anatomy and physiology (Fig. 7a) . These cellular and molecular changes occur in parallel with new head and tail bud formation. However, newly formed segmental tissue was amputated just prior to protein extraction and do not account for changes in protein levels described here. Fig. 7 . Lan 3-2 epitope is upregulated during anticipatory and compensatory neural morphallaxis. Neural morphallaxis (changes in neuroanatomy, physiology and behavior) was observed during both injury-induced regeneration (a) and asexual reproduction (b). Neural morphallactic changes associated with asexual reproduction appeared 1-2 weeks prior to architomic fission. During segmental regeneration, in contrast, neural morphallactic changes were not detectable until 1-2 weeks after amputation (injury). Thus, morphallaxis of the nervous system was produced by anticipatory regenerative mechanisms during asexual reproduction; whereas, morphallaxis was retroactively-induced during segmental regeneration following injury to compensate for lost body parts and changing segmental position. Lan 3-2 epitope expression (shaded area of boxes) was differentially upregulated prior to architomy and following injury. The induction of this neural glycoepitope correlated with both anticipatory and compensatory neural morphallaxis.
Thus, the Lan 3-2 epitope was present in tissues experiencing morphallaxis. The possible induction of the Lan 3-2 epitope in epimorphic tissue (buds) remains to be determined. These data are interesting in the light of previous results from the leech system which demonstrated that neural cell adhesion molecules are differentially glycosylated during development with the Lan 3-2 epitope (Huang et al., 1997; Johansen and Johansen, 1997; Jie et al., 1999 Jie et al., , 2000 and perturbation of this epitope results in a disruption of sensory afferent defasciculation and abnormal formation of synaptic contacts (Zipser et al., 1989 (Zipser et al., , 1994 Song and Zipser, 1995; Baker et al., 2003) . As with neurobehavioral plasticity, the lumbriculid Lan 3-2 glycoepitope was also elevated during asexual reproduction (Fig. 7b) . Interestingly, Lan 3-2 epitope expression in this reproductive context anticipated fragmentation (architomy) events and occurred in segments undergoing an expansion of MGF sensory field and a retraction in LGF sensory field. The fact that neurobehavioral plasticity and changes in neural glycoprotein expression exhibited precise temporal and spatial correlation, in two distinct life history contexts, suggests that the Lan 3-2 glycoepitope is part of a developmentally-regulated cascade that plays a direct or indirect role in neural morphallaxis.
Since neural morphallaxis was present during both injury-induced segmental regeneration and environmentally-induced asexual reproduction, a common developmental mechanism has been co-opted to serve both of these processes. Several studies of regeneration in other annelid worms have indicated that the nervous system plays an important role in triggering some regenerative events (Drewes and Fourtner, 1991; Bely, 1999; Myohara et al., 1999; Yoshida-Noro et al., 2000) . In Lumbriculus, the sites of asexual fission (architomy) occur consistently within the zone of giant fiber sensory field overlap (approximately segment 50) in worms of 150 segments. Morphallactic transformations of giant fiber anatomy and function emerge prior to observable fission plane formation in segments destined to change their positional identity. These observations again suggest a fundamental link between gradients of neural behavioral mechanisms and the processes that regulate reproductive and regenerative programs.
Immunohistochemical analysis revealed expression of the lumbriculid Lan 3-2 epitope on neural structures. In Lumbriculus, the Lan 3-2 epitope was localized to distinct axonal processes within the ventral nerve cord, segmental nerves, and body wall musculature. Lan 3-2 immunocytochemical localization within the nerve cord was associated with the lateral giant fibers or their ensheathing neural glial cells, neural structures that undergo dramatic changes during neural morphallaxis. Importantly, the Lan 3-2 epitope was enriched on giant fiber axonal collaterals, which are the synaptic sites of sensory input and motor output in oligochaete giant axons (Günther and Walther, 1971; Zoran and Drewes, 1987) and likely the sites of cellular plasticity correlated with changes in sensory fields.
Neural morphallaxis in posterior segments involves a rapid switch from exclusively LGF to a largely MGF sensory field in less than 1 week, indicating the involvement of extensive synaptic plasticity. In invertebrates, widespread changes in synaptic connectivity are especially evident during regenerative events following injury (Bulloch et al., 1984; Cohan et al., 1987; Ambron and Walters, 1996; Chang and Keshishian, 1996; Szabo et al., 2004) . Since the Lan 3-2 epitope has previously been implicated in synaptogenic events (Zipser et al., 1994; Zipser, 1995) and is expressed at putative sites of synaptic contact in Lumbriculus, it will be interesting to determine whether or not Lan 3-2 positive glycoproteins are directly involved in this novel form of neural plasticity.
In segmented animals, including annelids, anteriorposterior gradients of body form and function are established early in embryonic development. Many cellular and molecular mediators of these gradients have been established (Nusslein-Volhard et al., 1987; Shankland, 1991 Shankland, , 1994 Shankland, , 2000 Patel et al., 1989; Patel, 1994) . Still, little is understood about adult cellular and molecular programs governing regeneration and changes in positional identities along the anterior-posterior axis during events such as morphallaxis. Several insights into these mechanisms emerged from our studies. First, developmental programs recruited during asexual reproduction may benefit from their anticipatory nature with precisely orchestrated and efficient signaling events. Neural morphallaxis prior to architomic fission took place over approximately 1 week, with a tight spike of Lan 3-2 epitope or Lan 3-2 positive protein upregulation and a rapid event of behavioral plasticity. On the contrary, developmental cascades required for repair and regeneration of damaged tissue are likely compromised in their speed and efficiency of expression due to the compensatory nature of their recruitment. Neural morphallaxis induced as a result of injury occurred over a period greater than 4-5 weeks, with Lan 3-2 epitope upregulated over this entire period and a relatively gradual neurobehavioral transformation (Fig. 7a) .
A long-standing question in developmental biology has been centered on the evolutionary origins, and potential phylogenic relationships, between asexual reproduction and regeneration (Bely, 1999; Bely and Wray, 2001; SanchezAlvarado, 2000) . Our results demonstrate that cellular mechanisms of morphallaxis have been co-opted for both of these developmental events in Lumbriculus, where reorganization of its metameric nervous system accompanies changes in positional identity. Shared temporal and spatial patterns of Lan 3-2 epitope expression during both life history events indicate that common molecular mechanisms may underlie them. Future identification of the Lan 3-2 positive-proteins and the molecular events they mediate will add new insight into the evolutionary origins of these events and determine whether or not these programs were co-opted for reproduction from more ancient regenerative processes, or vice versa.
Experimental procedures
Animals and maintenance
Worms were purchased from Flinn Scientific, Inc. (Batavia, IL). They were housed in moderately aerated spring water, at a constant temperature of 16 8C (G1) in the dark. Worms were provided brown paper towel clippings for substrate and were fed spirulina powder and Tetramin staple flakes twice weekly.
To obtain experimental body fragments from specific body regions (anterior or posterior), worms were briefly anesthetized in 0.25 mM Nicotine in spring water. Segmental amputations were made at intersegmental boundaries with microdissecting scissors. Body fragments consisted of approximately 30 segments from the anterior third of the worm and 30 segments from the posterior third of the worm. Regenerating body fragments were maintained individually in containers of spring water at 16 8C. Although animals regularly fragment by asexual fission in laboratory cultures, the rate of fission is depressed in animals maintained with sufficient aeration and substrate at cool temperatures. To promote asexual fission, worms were exposed to an environmental shift involving transfer to room temperature (22 8C) and culture conditions that lacked paper substrate and aeration for 3-4 days. Worms were then returned to cultures at 16 8C.
Giant fiber sensory field mapping
Impulse conduction along giant nerve fibers was studied using non-invasive electrophysiological recordings (O'Gara et al., 1982; Drewes and Fourtner, 1990) . Touch stimuli were delivered by a hand-held plastic probe. Medial giant fiber (MGF) and lateral giant fiber (LGF) action potential waveforms were distinguished based on previously reported spike characteristics Fourtner, 1989, 1990; Rogge and Drewes, 1993) . Extracellular voltage recordings were obtained using a printed-circuit-board grid of electrodes and electrical signals were preamplified using a pair of differential recording amplifiers (100! gain, AC-coupled inputs). These spike recordings were digitized with a Powerlab A-D conversion system (ADInstruments, Inc.) and were analyzed on a G4 Macintosh computer (Apple, Inc.) using the Powerlab Chart software.
Spike conduction time between pairs of recording electrodes (5 mm pair spacing) was measured from peakto-peak of giant fiber spike waveforms. Conduction velocity (m/s) was obtained by dividing the conduction distance by the spike conduction time. Individual means, based on 3-5 measurements per animal, were used in calculating group means. Non-invasive recording grids were also used to map giant fiber sensory fields. Segments of specific identity (e.g. segment number 50) were marked with a spot of waterinsoluble ink from a fine tip pen (Sharpie). Individual segments were then touched with a probe and giant fiber responses were monitored electrophysiologically.
Immunocytochemistry
Worm Fragments were processed with monoclonal antibody Lan 3-2, a mouse monoclonal antibody raised against the adult nervous system of the leech Haemopis marmorata (Zipser and McKay, 1981) . Whole mount preparations were first pinned out on sylgard blocks while immersed in 0.25 mM nicotine in spring water, which blocks reflexive muscle movements and prevents autotomy (Lesiuk and Drewes, 1999) . The VNC was exposed by removing the digestive tract, nephridia, and ventral blood vessel. Fragments were fixed in 4% paraformaldehyde, washed in PBS, dehydrated in ethanol, cleared in xylene, and rehydrated. The fragments were then incubated overnight at 4 8C with primary antibody (Lan 3-2, 1:10; 4G5, 1:10; Laz 6-56, 1:10; Laz 2-369, 1:10; provided by J. Jøhansen). Incubated fragments were washed extensively and incubated in either goat anti-mouse antibody conjugated to fluorescein (FITC, 1:1000; Sigma), rabbit anti-mouse antibody conjugated to Texas Red (1:1000; American Qualex), or horse anti-mouse antibody conjugated to peroxidase (HRP, 1:500; Vector Labs PI-2000). Double-labeled preparations were obtained by a subsequent incubation in a second primary antibody, antiacetylated tubulin (1:1000; Sigma) and by using fluorescently conjugated subtype-specific secondary antibodies. A goat anti-mouse IgG FITC-conjugated secondary antibody was used for Lan 3-2 and a rabbit anti-mouse IgG 2B Texas red-conjugated secondary antibody (American Qualex) was used for the acetylated tubulin antibody. Preparations were imaged using an Olympus inverted microscope, DIC optics, and a Hamamatsu CCD camera. Images were captured with Simple PCI software (C-Imaging, Inc.) and imported into Adobe Photoshop 6.0.
Giant fiber injections
Whole mount preparations were pinned out on sylgard blocks while immersed in 0.25 mM Nicotine (in worm saline) and treated as described above. Individual giant axons were injected via micropipettes containing a 3% lucifer yellow/fast green solution using a picospritzer (General Valve). Following a 30 min diffusion period, preparations were fixed and processed for imaging.
SDS-PAGE and western blotting
Experimental fragments were cultured for 1-9 weeks post-amputation. Prior to homogenization, newly formed head and tail pieces where excised and discarded to remove factors specific to epimorphic tissues. Worm fragments (approximately 25 pieces; 300 mg wet weight) were then homogenized in osmotic lysis buffer (10 mM Tris, pH 7.4 and 0.3% SDS) supplemented with a cocktail of protease inhibitors (20 mM AEBSF, 1 mg/ml leupeptin, 0.36 mg/ml E-64, 500 mM EDTA, 5.6 mg/ml benzamide) and nucleases (50 mg/ml RNase, 100 mg/ml DNase in 5 mM MgCl 2 and 10 mM Tris-Cl, pH 7.0). All steps of protein sample preparation were completed on ice. All experiments of regenerating worms were replicated across at least three separate populations of animals. SDS-PAGE was performed according to standard procedures (Laemmli, 1970) . Electroblot transfer was performed as in Towbin et al. (1979) using the Hoeffer system (Amersham) and electroblotting to 0.2 mm Nitrocellulose (Bio-Rad). Blots were incubated with diluted antibody (Lan 3-2, 1:10, J. Jøhansen; Anti-aTubulin, 1:1000, Sigma) and visualized using anti-mouse alkaline phosphatase conjugated secondary antibody (1:300; Vector). In some experiments, immunoblots were probed with a primary antibody that had been preincubated with methyl a-D-mannopyranoside (0.5 M). The signal was then developed with BCIP/NBT (tablets; Sigma). Stained gels or blots were digitized using a Nikon image capturing system and were analyzed using NIH Image densitometry analysis.
Statistics
Two-tailed Student's t-tests (Microsoft Excel) or ANOVA (Statistica, Inc.) were used for statistical analysis. Data are presented as mean plus or minus standard deviation (SD) or standard error of the mean (SEM) as indicated. Statistical significance was P!0.05.
